Block-in-matrix-rocks (bimrocks) are very complicated geological masses that cause many challenging problems during the design and construction of engineering projects, such as parameter determination and landsliding. Successful engineering design and construction depends on a suitable constitutive model and reliable design parameters for geological masses. In this paper, the vibration attenuation signal of welded bimrocks was obtained and studied using resonance test technology. Combined with a uniaxial compression test, a constitutive model was proposed to describe the mechanical behavior of welded bimrocks. On this basis, the relations between the dynamic elastic modulus and the physical parameters of bimrocks were established, which included macroscopic mechanical parameters and damage constitutive parameters. Consequently, a new technological process was proposed to provide quick identification of the mechanical properties of welded bimrocks.
Introduction
Block-in-matrix-rocks (bimrocks) with high rock block proportions (RBPs) are considered problematic geological materials during engineering construction [1] [2] [3] . Figure 1 illustrates several types of geological formations in nature, which consist of higher RBPs and lower matrix contents. Due to the high block proportions, the physical and mechanical properties of the geological material can be rather different and heterogeneous, which may cause challenging problems for tunnel excavation, dam construction, and slope engineering. Thus, determination of the strength and elastic modulus of such geological materials is fundamental and crucial to guarantee the safety and stability of the aforementioned projects [4] [5] [6] [7] [8] [9] [10] [11] .
Recently, some studies have been carried out to reveal the feasibility of predicting the strength of bimrocks with high RBPs based on laboratory experiments. Mohammad Afifipour [12, 13] conducted a uniaxial compression test on the bimrocks with high RBP ranging from 70% to 90%. The RBP was proven to be an effective parameter to predict the strength and deformation properties. However, the proposed model only considered a single influencing factor; other factors such as matrix strength and Recently, some studies have been carried out to reveal the feasibility of predicting the strength of bimrocks with high RBPs based on laboratory experiments. Mohammad Afifipour [12, 13] conducted a uniaxial compression test on the bimrocks with high RBP ranging from 70% to 90%. The RBP was proven to be an effective parameter to predict the strength and deformation properties. However, the proposed model only considered a single influencing factor; other factors such as matrix strength and rock properties were ignored. Therefore, Sonmez. et al. [14] suggested the use of empirical equations to predict the strength of bimrocks, which depends on multiple input parameters, e.g., RBP, repose angle of rock blocks, and the strength parameters of the matrix. Moreover, A. Kalender [15] calibrated the equations on the basis of experimental data from Lindquist [16] , Altinsoy [17] , and Coskun [18] . The results showed that the empirical approach has high predictability with slightly conservative errors. Nevertheless, a series experiment process was required to obtain the input parameters. Other than empirical approaches, H. Sonmez also introduced a back-propagation artificial neural network (BP-ANN) to predict the uniaxial compression strength (UCS) and the elastic modulus of bimrocks. However, an enormous database is required to train the network. Although the aforementioned approach provided effective The widely used non-destruction test technology could be a promising solution to predict the strength of bimrocks in an accurate and rapid manner. Mahdevar et al. [19, 20] measured the velocity of ultrasonic waves of bimrocks with different RBPs and a multiple regression analysis was performed to correlate the UCS with the wave velocity. Wang et al. [21, 22] obtained the complete stress-strain curves under uniaxial compression and the ultrasonic wave velocities of bimrocks with different RBP through indoor tests, and a simple damage constitutive equation of bimrocks was proposed based on the experimental data. Meanwhile, these tests also confirmed that applying ultrasonic testing technology to study the properties of bimrocks is feasible. Sun et al. [23] investigated the damage characteristics and cracking state of bimrocks throughout the entire process of uniaxial compression using digital Appl. Sci. 2019, 9, 3537 3 of 15 imaging technology. The results indicated that the damage state of bimrocks has a significant impact on their macro-mechanical properties.
In conclusion, it is an effective and feasible to study the mechanical properties of welded bimrocks through combining the traditional compression test and nondestructive testing techniques, such as ultrasonic testing technology and digital imaging technology [19] [20] [21] [22] [23] [24] . These methods provide a reliable basis for quickly identifying the mechanical properties of bimrocks [24] . However, at present, few existing studies have linked the vibration attenuation signals of bimrocks to their mechanical properties. Additionally, Medley, who defined the term "bimrocks" and conducted the original research on this special geological body, delimited the RBP of bimrocks as being between 25% and 75% in his research [25] . Most of the existing studies from different approaches adopted the same ranges to study the physical and mechanical properties of bimrocks. [14, 19, 25] . However, in nature, several kinds of geological formations exist with higher RBPs and low matrix contents, such as cemented talus, mine waste dumps, and cemented rockfill in underground mining [12, 13] . Only a few studies have reported the mechanical properties of bimrocks with higher RBPs. In addition, studies on constitutive models of bimrocks are also rare.
In this study, the vibration attenuation signals of welded bimrocks with high rock contents are tested and analyzed using a resonance frequency tester. Combined with the uniaxial compression test and damage constitutive theory, the internal relationships between the vibration response signal of welded bimrocks and their mechanical and constitutive parameters are established, which provides a new solution for fast discrimination of the mechanical properties of welded bimrocks at construction sites.
Specimen Preparation and Experimental Method
The mechanical properties of welded bimrocks are influenced by various factors such as the block proportion, matrix strength, block gradation, etc. Previous studies proved that the RBP is one of the dominant factors affecting the mechanical properties of bimrocks [19, 21, 22, 26] . Compared to the existing studies, the presented research focused on the mechanical characteristics and properties of bimrocks with higher RBP, ranging from 60% to 90%. Four groups of specimens with different RBPs of 60%, 70%, 80%, and 90% were set for testing, of which the characteristics of the nondestructive signals and macro-mechanical properties were recorded and investigated. Figure 2 shows the gradation of the blocks. Obviously, to avoid the influences of other factors on the macroscopic mechanical parameters and nondestructive testing signals of bimrocks, all specimens in the test were unified with a continuous gradation of limestone, which is shown in Figure 2 . The density and compressive strength of the rock block were approximately 2.68 g/cm 3 and 87.32 MPa, respectively. The specimen was a cylinder with a height of 200 mm and a diameter of 100 mm. According to the relevant testing technical standards [27, 28] , the maximum particle size of a rock block should not be greater than 20 mm so that the scale effect caused by the oversized particles can be avoided. The minimum particle diameter of a rock block, which is the threshold of soil and rock, is 4.75 mm. The matrix was made of P.O. 42.5 cement and dry sand soil (d < 4.75 mm, density 2.65 g/cm 3 ) with a mass ratio of 1:1 and a water-cement ratio of 0.3.
In the process of specimen preparation, dry sand, cement, and rock blocks were poured into the mixing machine in sequence and stirred for 30 s, then water was added in moderation and stirred well. The inner wall of the mold was evenly coated with mineral oil. The mixtures were placed in three approximately equal layers and each layer was subjected to mechanical vibration for 20 s. The specimens were demolded after 24 h. For curing, the specimens were kept in a moist environment at a temperature of approximately 25 • C and a relative humidity of 95% for 7 days. Before the tests, each cylinder specimen was capped at both ends with a gypsum capping compound to ensure that the two ends were planar. Then, the resonance frequency test and uniaxial compression test were carried out. The specimens and test equipment are shown in As shown in Figure 4 , the E-Meter MK II resonance frequency tester was used to test the vibration response of specimens, which had an accelerometer sensitivity of 9.60 mV/g. The WAW-600 servo-hydraulic testing machine was adopted to test the UCS with a maximum axial force of 600 kN. During the loading process, the loading rate was controlled at 0.3 MPa/s and the test was terminated when the measured stress decreased to 10% of the peak strength. As shown in Figure 4 , the E-Meter MK II resonance frequency tester was used to test the vibration response of specimens, which had an accelerometer sensitivity of 9.60 mV/g. The WAW-600 servo-hydraulic testing machine was adopted to test the UCS with a maximum axial force of 600 kN. During the loading process, the loading rate was controlled at 0.3 MPa/s and the test was terminated when the measured stress decreased to 10% of the peak strength. As shown in Figure 4 , the E-Meter MK II resonance frequency tester was used to test the vibration response of specimens, which had an accelerometer sensitivity of 9.60 mV/g. The WAW-600 servo-hydraulic testing machine was adopted to test the UCS with a maximum axial force of 600 kN. During the loading process, the loading rate was controlled at 0.3 MPa/s and the test was terminated when the measured stress decreased to 10% of the peak strength. As shown in Figure 4 , the E-Meter MK II resonance frequency tester was used to test the vibration response of specimens, which had an accelerometer sensitivity of 9.60 mV/g. The WAW-600 servo-hydraulic testing machine was adopted to test the UCS with a maximum axial force of 600 kN. During the loading process, the loading rate was controlled at 0.3 MPa/s and the test was terminated when the measured stress decreased to 10% of the peak strength.
Analysis of Resonance Test Results

Appl. Sci. 2019, 9, 3537 5 of 15 Figure 5 shows the test results of the vibration acceleration for specimens containing 60% and 90% rock proportions, respectively.
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where E dy is the dynamic modulus of elasticity, ω a is the acceleration resonance frequency, l is the length of the specimen, d is the diameter of the specimen, M is the mass of the specimen, and λ is the system constant, which is calibrated to 5.093 for a cylinder specimen and 4.000 for a prism specimen [29] . The relation between E dy and RBP is presented in Figure 6 . A clear decreasing trend in the dynamic elastic modulus was observed with an increase in the RBP value. An exponential relation was obtained through the method of least square, as shown in Equation (2) . According to the test data in Figure 6 , the dynamic elastic modulus of each group had limited dispersion due to the strict specimen preparation process, which contributed to the high R 2 in the fit Equation (2) . The fit results also indicate that the exponential type function can effectively illustrate the quantitative relation between the dynamic elastic modulus and the RBP. Additionally, the dynamic elastic modulus can be used as an effective index for judging the mechanical properties of welded bimrocks.
Appl. Sci. 2019, 9, Figure 7 illustrates the typical stress strain curves of welded bimrocks with different RBPs. The specific values of the UCS were placed in Table 1 . As seen in Figure 7 and Table 1 , the stress strain relation and mechanical characterization of specimens depend strongly on the RBP. Although the curves shared a similar evolution trend, the peak strength and slope in the pre-peak zone dropped considerably with the increase of RBP. Additionally, the higher block proportion corresponded to a lower failure strain, which, for the sake of simplicity, was defined as the strain at which maximum stress was reached. For the deformation patterns in the post failure region, a sharp decrease of strength was observed in the curves with block contents of 60% and 70%, as shown by the dotted line in Figure 7 . However, the ductile behavior was more dominant in the curves with higher RBPs. Figure 8 shows the relation between the UCS and the RBP of bimrocks. The UCS of bimrocks descended gradually with the increase in RBP. The fit result for the curve in Figure 8 is presented in Equation (3) using the least-squares method. As can be seen, a strong exponential correlation was found between UCS and RBP.
Analysis of the Uniaxial Compression Test Results
( Figure 7 illustrates the typical stress strain curves of welded bimrocks with different RBPs. The specific values of the UCS were placed in Table 1 . As seen in Figure 7 and Table 1 , the stress strain relation and mechanical characterization of specimens depend strongly on the RBP. Although the curves shared a similar evolution trend, the peak strength and slope in the pre-peak zone dropped considerably with the increase of RBP. Additionally, the higher block proportion corresponded to a lower failure strain, which, for the sake of simplicity, was defined as the strain at which maximum stress was reached. For the deformation patterns in the post failure region, a sharp decrease of strength was observed in the curves with block contents of 60% and 70%, as shown by the dotted line in Figure 7 . However, the ductile behavior was more dominant in the curves with higher RBPs.
( ) 2 237.91exp / 0.37 17.66 ; 0.94 Figure 8 shows the relation between the UCS and the RBP of bimrocks. The UCS of bimrocks descended gradually with the increase in RBP. The fit result for the curve in Figure 8 is presented in Equation (3) using the least-squares method. As can be seen, a strong exponential correlation was found between UCS and RBP. UCS = 237.91 exp(−RBP/0.37) − 17.66; R 2 = 0.94, Figure 9 shows the failure morphology of specimens with different rock contents. Vertical cracks through the matrix represent the dominant failure pattern for the specimens with RBPs lower than 70%. The matrix strength was shown to have a strong influence on the UCS of the welded bimrocks within this range of RBPs. The other kind of crack appeared with a further increase in the RBP, which occurred along the interface between the soil and the rocks. The failure pattern was a combination of both splitting and sliding. Thus, the interface strength also affected the UCS of the welded bimrocks. When the rock proportion reached 90%, the UCS of the welded bimrocks was mainly dependent on the interface strength between the soil and rock. The split failure was hard to find under such conditions. In contrast, localized shear failure was observed due to the well-developed void structure. 
Damage Constitutive Model
As mentioned above, strain softening and ductile deformation are the dominant mechanical behaviors in the post-failure region. The deformation characteristics in the post peak zone are of great significance, especially in the construction and design process of mine pillars [30] . Previous Figure 9 shows the failure morphology of specimens with different rock contents. Vertical cracks through the matrix represent the dominant failure pattern for the specimens with RBPs lower than 70%. The matrix strength was shown to have a strong influence on the UCS of the welded bimrocks within this range of RBPs. The other kind of crack appeared with a further increase in the RBP, which occurred along the interface between the soil and the rocks. The failure pattern was a combination of both splitting and sliding. Thus, the interface strength also affected the UCS of the welded bimrocks. When the rock proportion reached 90%, the UCS of the welded bimrocks was mainly dependent on the interface strength between the soil and rock. The split failure was hard to find under such conditions. In contrast, localized shear failure was observed due to the well-developed void structure.
Appl. Sci. 2019, 9, Figure 9 shows the failure morphology of specimens with different rock contents. Vertical cracks through the matrix represent the dominant failure pattern for the specimens with RBPs lower than 70%. The matrix strength was shown to have a strong influence on the UCS of the welded bimrocks within this range of RBPs. The other kind of crack appeared with a further increase in the RBP, which occurred along the interface between the soil and the rocks. The failure pattern was a combination of both splitting and sliding. Thus, the interface strength also affected the UCS of the welded bimrocks. When the rock proportion reached 90%, the UCS of the welded bimrocks was mainly dependent on the interface strength between the soil and rock. The split failure was hard to find under such conditions. In contrast, localized shear failure was observed due to the well-developed void structure. 
As mentioned above, strain softening and ductile deformation are the dominant mechanical behaviors in the post-failure region. The deformation characteristics in the post peak zone are of great significance, especially in the construction and design process of mine pillars [30] . Previous studies indicated that damage mechanics is an effective way to study the fracture initiation and evolution process [31, 32] . Thus, in this paper, a damage constitutive model was proposed to study the mechanical behavior of the bimrocks with high RBPs. 
As mentioned above, strain softening and ductile deformation are the dominant mechanical behaviors in the post-failure region. The deformation characteristics in the post peak zone are of great significance, especially in the construction and design process of mine pillars [30] . Previous studies indicated that damage mechanics is an effective way to study the fracture initiation and evolution process [31, 32] . Thus, in this paper, a damage constitutive model was proposed to study the mechanical behavior of the bimrocks with high RBPs.
The uniaxial compression process can be considered a series of quasi-static processes [32] , in which the initial and final states of the elastic energy are 0. Therefore, the mechanical energy absorbed by the specimen (from the intact to failure) was used for damage evolution. The mechanical energy consumed per unit volume during the entire process of uniaxial compression was defined as the damage strain energy release rate [33] [34] [35] . Based on this concept, the ratio between mechanical energy consumption and the damage strain energy release rate per unit volume was defined as the damage done to the bimrocks. For any state of damage, it was assumed that the relation between the nominal stress and effective stress was as follows:
where σ is the nominal stress, σ is the effective stress, and α is the material constant.
In the process of uniaxial compression, the deformation of the specimen is composed of two parts, elastic strain and strain caused by damage [36, 37] , as follows:
where ε, ε e , and ε d are the total strain, elastic strain, and damage strain of the damaged material. As the strain caused by damage does not contribute to the nominal stress, the constitutive equation of the welded bimrocks in any damage state should be as follows [38, 39] :
where E is the elastic modulus of the damaged material. Based on the experimental results, the process of elastic modulus deterioration and damage evolution was shown to have clear nonlinear characteristics. Thus, the energy equivalence hypothesis was adopted to describe the nonlinear mechanical behavior during the loading process, which assumes that the strain energy caused by nominal stress is equal to that induced by effective stress [40, 41] :
where E and ε e are the elastic modulus and elastic strain of the intact material, respectively. By combining Equation (4) and Equation (7), we can obtain the following equation:
where ϕ is defined as the continuity factor. With an increase in the damage, the irreversible damage strain grows accordingly. To determine the quantitative relation between the damage and irreversible deformation, it was assumed that the elastic strain and total strain satisfy the following:
where β is a material constant. Further, using Equation (6), Equation (8) , and Equation (9) simultaneously, the following equation can be obtained:
Equation (10) is the damage constitutive equation of welded bimrocks. To obtain the damage evolution equation, it is necessary to establish the internal relation between the total strain and damage. Considering an arbitrary element of the bimrocks, the relation can be obtained according to the law of energy conservation [37] [38] [39] , as follows:
where dw is the total energy absorbed from the external loading per unit volume, dw e is the elastic energy stored by the unit volume, and dw D is the mechanical energy consumed per unit volume due to damage. According to the definition of damage, the mechanical energy consumed due to damage can be defined as follows:
where γ is the release rate of the damage strain energy. The calculation formulas of dw and dw e are as follows:
Using Equations (11)- (14) , simultaneously, the following can be obtained:
The initial conditions are ϕ = ϕ 0 , ε 2 = 0,
where ϕ 0 is the initial continuity factor of the material. Combined with Equation (16), the solution of Equation (15) can be obtained as follows:
The symbols and B are defined as the dimensionless stress and strain and the corresponding expressions are as follows:
Then, Equation (10) can be rewritten as follows:
As can be seen, the values of dimensionless stress and strain are determined by α, β, and ϕ 0 . Given α, β, and ϕ 0 , the form of the constitutive curve is determined. The actual stress and strain can be obtained according to the internal relation between the variables described in Equation (18) . The constitutive parameters of γ and E can be calibrated using the following formulas:
where σ max and ε max are the peak stress and strain of the test results and the values max and B max are the dimensionless peak stress and strain. Based on the damage constitutive model mentioned above, the particle swarm optimization (PSO) algorithm was adopted to fit the results of the uniaxial compression test. The fitting results are illustrated in Figure 10 and Table 2 . The value E test in Table 2 was obtained from the slope of the linear part in the pre-peak region of the curves in Figure 10 . It was observed that a non-linear concave upward section exists before the linear part of the curves, which is caused by the closure of voids and pre-existing fissures in the specimen [13] . Thus, the predicted elastic modulus was relatively lower than the E test , with a maximum error of 16.5%. However, a conservative approach is usually adopted during the construction and design stage of underground engineering for the sake of safety. Consequently, a reasonably reduced prediction of the elastic modulus that benefits the reliability of the underground engineering is acceptable. The R 2 value in Table 2 was obtained based on the data of both predicted and experimental results in the post peak zone. As can be seen, the minimum value of R 2 was 0.85. This indicates that the proposed model offers an effective description for the strain softening and ductile behavior of bimrocks, especially when the RBP is larger than 70%. larger than 70%.
As shown in Table 2 , α and β are the material constants of welded bimrocks, which increase with the improvement of the rock proportion. This implies that the nominal stress and elastic strain of the welded bimrocks with high rock contents are more sensitive to damage. The value 0 ϕ represents the initial continuity of the bimrocks. A higher RBP corresponds to a lower initial continuity based on the data in Table 2 . However, the divergences of the α , β , and 0 ϕ of bimrocks with different RBPs are relatively insignificant, which has a limited influence on the mechanical behavior.
In contrast, the release rate of the damage strain energy γ and the elastic modulus of the intact state E was shown to decrease rapidly with an increase in RBP, which indicates a significant difference. Thus, these parameters can be used as a characteristic index to distinguish among welded bimrocks with different RBPs. 
Fast Discrimination Method of Bimrocks Physical Properties
In remote areas and inconvenient construction sites, it is often impossible to utilize a full range of experimental equipment to test the mechanical properties of bimrocks. The resonance frequency tester has the advantages of portability and easy operation. The dynamic elastic modulus of core As shown in Table 2 , α and β are the material constants of welded bimrocks, which increase with the improvement of the rock proportion. This implies that the nominal stress and elastic strain of the welded bimrocks with high rock contents are more sensitive to damage. The value ϕ 0 represents the initial continuity of the bimrocks. A higher RBP corresponds to a lower initial continuity based on the data in Table 2 . However, the divergences of the α, β, and ϕ 0 of bimrocks with different RBPs are relatively insignificant, which has a limited influence on the mechanical behavior.
In contrast, the release rate of the damage strain energy γ and the elastic modulus of the intact state E was shown to decrease rapidly with an increase in RBP, which indicates a significant difference. Thus, these parameters can be used as a characteristic index to distinguish among welded bimrocks with different RBPs.
In remote areas and inconvenient construction sites, it is often impossible to utilize a full range of experimental equipment to test the mechanical properties of bimrocks. The resonance frequency tester has the advantages of portability and easy operation. The dynamic elastic modulus of core samples at the site can be easily obtained from the resonance frequency test results. By establishing correlations between the dynamic elastic modulus and physical parameters, which include the mechanical parameters and damage constitutive parameters, this method offers a new way to quickly discriminate the physical characteristics of bimrocks at an engineering site. Figure 11 illustrates the relationships between the dynamic elastic modulus and UCS. The UCS increased exponentially with an increase in the dynamic elastic modulus. This can be expressed as follows:
Relationship between the Dynamic Elastic Modulus and Mechanical Parameters
where E d is the dynamic elastic modulus.
E is the dynamic elastic modulus.
Two additional main conclusions can be drawn based on the data shown in Figure 11 .
(1) In the process of reducing the RBP from 90% to 80%, the matrix filled most of the gaps between rocks. In the interim, the compactness of the specimens increased, which led to a corresponding rapid increase in the dynamic elastic modulus. However, the strength of the welded bimrocks was still mainly dependent on the bond strength of the soil rock interface in this case. Thus, the UCS did not increase significantly. (2) With a further reduction in the RBP, the compaction degree of the specimens continued to increase. Meanwhile, the dynamic elastic modulus grew steadily. As shown in Figure 11 , the UCS underwent a relatively significant change, even though the dynamic elastic modulus varied slightly. Thus, we infer that the dominant influencing factor of the UCS gradually changed from the interface strength to the matrix ratio and strength in this period. Figure 11 . Relationship between the dynamic elastic modulus and UCS.
Relationship between the Dynamic Elastic Modulus and Calibration Parameters
The relation between the dynamic elastic modulus and calibration parameters in the damage constitutive model was further explored. The specific data and fitting curves are shown in Figures 12  and 13 . Two additional main conclusions can be drawn based on the data shown in Figure 11 .
(1) In the process of reducing the RBP from 90% to 80%, the matrix filled most of the gaps between rocks. In the interim, the compactness of the specimens increased, which led to a corresponding rapid increase in the dynamic elastic modulus. However, the strength of the welded bimrocks was still mainly dependent on the bond strength of the soil rock interface in this case. Thus, the UCS did not increase significantly. (2) With a further reduction in the RBP, the compaction degree of the specimens continued to increase. Meanwhile, the dynamic elastic modulus grew steadily. As shown in Figure 11 , the UCS underwent a relatively significant change, even though the dynamic elastic modulus varied slightly. Thus, we infer that the dominant influencing factor of the UCS gradually changed from the interface strength to the matrix ratio and strength in this period.
The relation between the dynamic elastic modulus and calibration parameters in the damage constitutive model was further explored. The specific data and fitting curves are shown in Figures 12  and 13 . As shown in Figures 12 and 13 , with a decrease in the RBP, the overall compactness and stiffness of the specimens increased gradually, which resulted in improvements in the dynamic elastic modulus, the release rate of the damage strain energy, and the elastic modulus of the intact state. The fitting results show that the relations between the dynamic elastic modulus and damage constitutive parameters (i.e., the damage strain energy release rate and elastic modulus of the intact state) can be well described by the exponential function. The specific fitting formulas are as follows: 
In combination with Sections 5.1 and 5.2, the dynamic elastic modulus of the welded bimrocks showed corresponding relations with the physical parameters (including mechanical parameters and damage calibration parameters). By means of a uniaxial compression test and a vibration signal test of standard specimens, the empirical formulas between the dynamic elastic modulus and mechanical parameters as well as the dynamic elastic modulus and damage calibration parameters can be calibrated. As the discrepancy of the α , β , and ϕ of bimrocks with different RBPs is relatively limited, it is acceptable to set them as constants according to the means of the calibration results. On this basis, the strength of the welded bimrocks can be quickly judged by the dynamic elastic modulus of the core sample. Furthermore, the strain softening and ductile behavior of the welded bimrocks can be obtained based on the damage constitutive model established above, which offers the basic and crucial references for the design and construction of underground engineering [30] . The proposed technical process is illustrated in Figure 14 . As shown in Figures 12 and 13 , with a decrease in the RBP, the overall compactness and stiffness of the specimens increased gradually, which resulted in improvements in the dynamic elastic modulus, the release rate of the damage strain energy, and the elastic modulus of the intact state. The fitting results show that the relations between the dynamic elastic modulus and damage constitutive parameters (i.e., the damage strain energy release rate and elastic modulus of the intact state) can be well described by the exponential function. The specific fitting formulas are as follows:
In combination with Sections 6.1 and 6.2, the dynamic elastic modulus of the welded bimrocks showed corresponding relations with the physical parameters (including mechanical parameters and damage calibration parameters). By means of a uniaxial compression test and a vibration signal test of standard specimens, the empirical formulas between the dynamic elastic modulus and mechanical parameters as well as the dynamic elastic modulus and damage calibration parameters can be calibrated. As the discrepancy of the α, β, and ϕ of bimrocks with different RBPs is relatively limited, it is acceptable to set them as constants according to the means of the calibration results. On this basis, the strength of the welded bimrocks can be quickly judged by the dynamic elastic modulus of the core sample. Furthermore, the strain softening and ductile behavior of the welded bimrocks can be obtained based on the damage constitutive model established above, which offers the basic and crucial references for the design and construction of underground engineering [30] . The proposed technical process is illustrated in Figure 14 .
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Conclusions
Bimrocks with high RBPs represent a kind of complicated and problematic geological mixture due to their high heterogeneity and porosity, thereby requiring extraordinary efforts to determine 
Bimrocks with high RBPs represent a kind of complicated and problematic geological mixture due to their high heterogeneity and porosity, thereby requiring extraordinary efforts to determine their mechanical properties, especially in mining projects [42, 43] . The complete stress strain curve of a uniaxial compression test offers a fundamental reference for a successful underground engineering design [44] . However, it is laborious, costly, and even impossible to conduct the laboratory test at the construction site due to budget limitations and inconvenient traffic. Although some studies have introduced non-destruction test technologies to obtain the mechanical properties of the bimrocks, as mentioned in the introduction [19] [20] [21] [22] [23] [24] , none of them studied the internal connection between resonance test technology and the mechanical behavior of the bimrocks.
In this paper, based on the resonance test technology, the vibration attenuation signals and dynamic elastic modulus of the bimrocks with high rock contents were obtained. A uniaxial compression test was conducted to study the bimrocks' mechanical deformation characteristics. Based on the damage theory, a constitutive model was proposed to describe the mechanical behavior of the welded bimrocks, especially the post-peak mechanical characteristics. On this basis, the relations between the dynamic elastic modulus and the physical parameters of the bimrocks were established. Subsequently, a new method was proposed to provide fast identification of the mechanical properties of bimrocks.
The results of the resonant frequency test showed that the specimens with higher RBPs had lower resonant frequencies. A clear exponential trend was observed between the RBP and the dynamic elastic modulus, which is a mechanical parameter derived from the resonant frequency [29] . Combined with the results of the uniaxial compression test, significant correlations were found between the dynamic elastic modulus and the UCS. This indicates that the dynamic elastic modulus is an effective parameter for predicting the mechanical properties of bimrocks with high RBPs in a rapid and convenient manner. As the resonant frequency tester is portable and easy to operate, it can be used to monitor the strength of the surrounding rock mass at sites during the construction process so that the stability and safety of a mining or tunneling project can be further guaranteed.
Based on the damage theory, a constitutive model of welded bimrocks was proposed to study the strain softening and ductile behavior of the bimrocks. Compared with the experimental results, the elastic modulus obtained from the constitutive model were relatively small due to the porous structure and pre-existing fissures of the specimens. However, a conservative approach is usually adapted during the design stage of underground engineering. Thus, a reasonable reduction in prediction results is acceptable considering the uncertainty and randomness of geological masses. According to the fitting results, the proposed constitutive model can accurately simulate the strain softening and ductile behavior in the post peak zone, which provides crucial information to avoid potential hazards induced by the insufficient stability control of surrounding rocks [13, 44] .
Significant correlations were found between the dynamic elastic modulus and two crucial parameters of the constitutive model using the empirical approach. Thus, by combining the resonant frequency technology with the proposed constitutive model, a technical process was proposed to obtain the complete stress strain curve, which could be useful for understanding the total process of deformation, cracking, and eventual destruction of bimrocks and could provide insight into potential rock mass behavior at construction sites [45] . 
